Abstract
INTRODUCTION
Mechanical ventilation systems are used in animal rooms to control the indoor environment. Maintaining good indoor air quality is a necessity for animal health, well-being, and high productivity. Some major sources of indoor air contamination include continuous release of sensible and latent heat, CO2 from animals, and NH3 and H2S released from manure. Ventilation forces outside air through the room, which dilutes and removes indoor air contaminants (ASHRAE, 2013) . In the mechanical ventilation process, air enters the room simultaneously through planned (designed) openings and unplanned (holes/cracks) openings. Unplanned air entry into a room (i.e., infiltration) is an integral part of any ventilation process.
Infiltration negatively affects ventilation control and effectiveness. High infiltration rates reduce the effectiveness of the ventilation air and can be indicators of bad design and/or construction (Jadhav et al., 2015) . Zhang and Barber (1995b) categorized infiltration as three types: 1) Interflow -"contaminated" air from an adjacent interior room leaks into the building reducing air quality, 2) Inflow -outside fresh air leaks into the room which may cause drafts and increase heating costs, and 3) Short-circuiting -outside fresh air leaks into the room through envelope openings around the exhaust fans and exits through the fans without mixing with inside air causing a reduction in ventilation effectiveness. All three types of infiltration potentially affect the controllability and performance of fresh-air distribution as infiltration reduces the quantity of air coming into the room through planned inlets. Infiltration develops pockets of non-uniform and undesired environments in a room (Masse et al., 1994b) and in winter can develop cold drafts around/nearby cracks. Albright (1990) highlighted that infiltration directly affects mixing of fresh air with inside air and the distribution of fresh air in the room. More infiltration from one section of the building compared to low infiltration from another section affects uniformity of fresh air in the room; a major goal of any ventilation system. ASABE standard EP270.5 also cautions that negative pressure ventilation systems may be affected by wind effects and air leaks and may not provide acceptable air distribution at low air flow rates. Infiltration has also been identified as one of the important reasons for the deterioration of building components especially for positive pressure ventilation systems (Zhang and Barber, 1995a) . Masse et al. (1994a) summarized different tests to determine infiltration rates. Along with pressurization methods (positive or negative pressure), tracer gas, acoustic, and thermographic surveys are used to determine the infiltration rate. The ASHRAE "crack method" has also been used for infiltration prediction (ASHRAE, 2013) . Albright (1990) questioned ASHRAE's crack method of infiltration quantification and stated that this method has not proved accurate for agricultural structures and suggested the development of methods specific for agricultural structures. Among all tests, the tracer gas and pressurization methods are most common (Masse et al., 1994b) . The pressurization method is relatively easy, quick, inexpensive, and less weather dependent as compared to the tracer gas method (ASHRAE, 2013) . The most common method uses pressurization testing (ASHRAE, 2013 and Masse et al., 1994b) . Shaw and Tamura (1980) , Kronvall (1978) , Hunt (1978) and several others adopted the pressurization method to measure infiltration through buildings.
During minimum cold-weather ventilation, Munroe (1988) recommended a pressure difference of 15 Pa or greater across the room envelope to ensure proper fresh air distribution. Zhang and Barber (1995a) mentioned that ventilation systems for animal rooms are operated at a low pressure difference, usually less than 25 Pa. Further, animal room infiltration characteristics at low pressures are more important in ventilation system design than those at high pressure differences. During cold weather ventilation, air flow rates by design are minimum, making it difficult to maintain a desired static pressure difference (about 20 Pa) across the room envelope. Infiltration/non-planned air entry into the room further reduces the pressure difference and this negatively affect fresh air distribution in the room and inside air quality. Therefore, precise data on infiltration is very important in the design of animal room ventilation systems. To increase ventilation system effectiveness, Zhang and Barber (1995a) recommended using infiltration at 20 Pa when designing ventilation systems for animal rooms.
Many researchers commented on the lack of sufficient infiltration data for agricultural barns (Albright, 1990; Barber 1995a, 1995b) . Using the pressurization method, Zhang and Barber (1995a) measured and modeled the infiltration rates of five new grow/finish swine rooms built for research purposes. Data on the infiltration rate of commonly constructed swine finishing rooms as affected by their age, construction layout, and construction material are missing. A general data set on infiltration of swine finishing rooms that could readily be used in the design of ventilation systems is needed. The specific objectives of this study were to 1) Quantify infiltration from swine finishing rooms from various building styles, and, 2) Develop models to predict infiltration suitable for mechanical ventilation design.
MATERIALS AND METHODS

ROOMS TESTED AND THE TEST CONDITIONS
Infiltration rate was quantified in 19 swine finishing rooms in Iowa. The test weather data is presented in table 1. Data collected on selected room characteristics of each test room is shown in table 2. The data for rooms 13 and 19 were recorded but discarded later due to non-compliance of test conditions (Zhang and Barber, 1995a) and were not used for any analysis in this article, hence not reported in tables 1 and 2. EA [b] (m 2 )
IV [c] (m 3 )
CP [d] (m)
FP [e] (m) BSA [f] (m 2 ) 1 14 DW [g] [a] Ceiling material. [b] Envelope area, includes ceiling area and wall areas including curtain openings. [c] Internal volume, excludes attic and pit volume. [d] Curtain perimeter. [e] Fan perimeter (includes fan and pump out cover perimeter). [f] Backdraft shutter area of fans. [g] The rooms tested were from typical Midwest barns composed of a gable roof with a flat interior ceiling, wooden studs, metal exterior sheeting, slotted concrete floor, underfloor manure pit, and reinforced polyethylene ventilation/emergency curtain on at least one sidewall. The rooms tested were fitted with mechanical ventilation systems typical of intensive swine rearing operations across the Midwestern region of the United States. The barn end wall and internal room view of a typical Iowa swine finishing barn/room is depicted in figure 1 . The rooms tested during the study were originated from four different barn layouts/construction styles. Depending upon the layout, there were one or more rooms in a barn. The four distinct barn construction layouts (figure 2) were named as single barns (single room per barn), double-wide barns (two side-by-side single rooms with one common roof), H-type barns (two end-to-end single rooms per barn with two barns connected by a walkway), and double-wide + H-type barns (two side-by-side single rooms with one common roof per barn with a connecting hallway to an adjacent similar barn). All the rooms tested for this study used negative pressure mechanical ventilation systems using fans, ceiling air inlets, and sidewall and/or end-wall curtains. During cool weather periods (winter-to-mild weather), the rooms were ventilated using ceiling air inlets and fans, keeping all curtains closed. During hot weather periods some barns used a combination of fans and/or curtains were used to ventilate the rooms, keeping all ceiling inlets closed. In other barns, during hot weather, sidewall curtains were used to provide ventilation stages naturally (some single and H-type barn layouts) without the use of fans or through a combination of end-wall fans and opposing end-wall curtains (all double wide and double wide + H-type barns) to provide mechanical ventilation (commonly referred to as tunnel ventilation).
TEST PROCEDURE
Nineteen swine finishing rooms were tested for their infiltration potential using the negative pressurization method.
Infiltration into mechanically ventilated swine finishing rooms was quantified using procedures outlined in standards CGSB 149. 15-96 (1996) and ASTM E779-10 (2010). Both standards are suited for single zone rooms typical of swine finishing and most other animal and poultry rearing facilities. The majority (18 out of 19) of the rooms were tested by following the procedure in standard CGSB 149.15-96. This standard is used when the installed air handling capacity of the room is capable of producing static pressure differences up to 60 Pa or its air handling capacity lies in the range of 1 to 2.5 L s -1 m -2 of building envelope (CGSB, 1999) . All rooms tested, with the exception of one room, satisfied this CGSB 149.15-96 criterion. The exception room was tested by following both the CGSB 149.15-96 and ASTM E779-10 standards. For this exception room, the building's air handing system along with one externally fitted variable speed fan (into the room entry door) was used to develop the desired static pressure difference.
During field testing, static pressure differences were generated across the room envelope by exhausting varied quantities of air from the room. Three pressurization tests -I, II and III were conducted on each room. Test I, which was called the total (It) infiltration test, was conducted with the primary inlet system sealed airtight (using duct tape, figure 3a ) while allowing all other building characteristics to remain as in production during minimum ventilation. For all rooms tested, the primary inlet system consisted of ceiling inlets in 1 to 3 rows along the long-axis of the room, dependent on room width. During Test I, all fan louvers were closed normally using the existing back-draft shutters. In situations where louvers were broken/missing/not operating normally, the louvers were sealed using duct tape such that they would act and function like normally closed louvers.
In addition, before Test I was conducted, all pump out covers (i.e., plastic or wooden sheets placed over exterior access ports used for manure agitation and pumping) were checked for their normal closure status and adjusted if required. Finally, curtains were closed to their normal pre-set limited position. Test II, designed to isolate curtain infiltration (Ic), was conducted with all primary inlets and curtains sealed (figures 3a,b). The curtains were sealed along their top opening and vertical sides using duct tape. The curtain bottom, in all cases, was physically attached to the wall and was not sealed further. Test III, designed to isolate fan infiltration (If), was conducted with all primary inlets, curtains, and fan and pump-out cover locations sealed (figures 3a,b,c).
The fans and pump-out covers were sealed using duct tape, 6-mil plastic, and/or reinforced tarps (figure 3c) secured with nylon rope. In all three tests (I, II, III) a minimum of five static pressure differences (points) were generated by exhausting five different air flow rates from the room (CGSB, 1999) . The varied air flow rates were generated by blocking fan intake area and/or starting an additional fan. The exhaust air flow rates were adjusted such that the static pressure difference spanned between 0 and 60 Pa. The infiltration quantified by Test I and Test III were respectively designated as total infiltration (It) and other infiltration (Io). The difference between infiltration rates of Tests I and II was quantified as curtain infiltration (Ic) Along with the infiltration test data, data on room characteristics were also recorded including room age, layout, length, width, height, floor and envelope areas (ceiling area + wall areas including curtain openings), internal volume, and curtain/fan perimeters. Weather data including temperature, relative humidity, wind speed, and altimeter setting was obtained from a weather station closest to each test site. An official calculator provided by the National Weather Service website (http://www.srh.noaa.gov/epz/?n=wxcalc_stationpressure) was used to obtain atmospheric pressure at each test site from altimeter settings. Google earth (https://www.google.com/earth/) was used to retrieve test site elevations.
TESTING EQUIPMENT AND ACCURACY REQUIREMENTS
The precise measurement of exhaust fan air flow rate and static pressure difference across a test room governs the accuracy in infiltration quantification (CGSB, 1986) . In this study, a Fan Assessment Numeration System (FANS) was used to measure in-situ fan air flow rates (Gates et al., 2004) . The FANS unit consists of an array of propeller anemometers, which traverse vertically. Velocities by sweep area are integrated to achieve an air flow rate. In actual testing, depending on the air flow required to generate desired pressure difference across the room envelope, one or two FANS unit(s) were placed upstream of the fan(s) in operation (figure 4). The frame of the FANS unit and room wall were sealed so that all the air exhausted by the fan was forced to pass through the FANS unit. For all tests conducted, each individual infiltration air flow rate was measured twice. Combinations of inclined manometers with ± 0.005 inches (± 0.13 mm; ±± 1.244 Pa) water column (in. wc) reading resolution and micro-manometers with ± 0.001 in. wc (± 0.03 mm; ± 0.249 Pa) reading resolution were used to measure static pressure difference across the room envelope. A minimum of two manometers were used at opposite sidewalls of the tested room. Infiltration measurement using the pressurization technique is affected by wind pressure around the building, which most of the time is non-uniform (Masse et al., 1994a) . To account for wind effects, pressure differences were recorded at least four times for each FANS air flow rate measurement. Infiltration tests on 17 (out of 19 total tested) were conducted when the wind speed was within the range (i.e., less than 6 Km h -1 ) recommended by Zhang and Barber (1995a) . The wind speeds during testing of two rooms (13 and 19) were greater than 6 Km h -1 , hence the infiltration data recorded were discarded for these rooms due to non-compliance. Also, all the infiltration tests were conducted when atmospheric air temperatures at room locations were greater than 5°C (CGSB, 1999) .
DATA CORRECTION AND INFILTRATION PREDICTION
Tests I, II, and III were performed on all swine finishing rooms and at least five data points, exhibiting the relationship between changing exhaust air flow rate and static pressure difference, were generated for each individual test. CGSB standard 149. 15-96 (1996) recommends correction of measured infiltration rates for differences in test and calibration temperatures. To minimize the errors due to variation in temperatures from site to site and to maintain uniformity in correction, all the measured infiltration air flow rates were corrected from calibration temperature to standard mean sea level pressure and temperature conditions defined as 101.325 KPa at 15°C. The infiltration rates reported at this standard sea level condition are designated as 'standard' (total, curtain, fan and other) infiltration rates. Two FANS units (FANS Model Numbers 30-0010 and 42-0002) were used for this study, both calibrated at 25.56°C (78°F) at BESS laboratory (http://bess.illinois.edu/). Equation 1 (CGSB, 1996) was used to correct all the measured infiltration data from the calibration temperature (25.56°C) to standard sea level temperature (15°C).
Where I = infiltration air flow rate corrected to standard temperature, m 3 s -1 I = measured on-site infiltration air flow rate, m 3 s -1 P ௦௧ௗ = standard atmospheric pressure at sea level = 101325 Pa P ௦௧ௗ = barometric pressure at measuring location, Pa = (101325 -static pressure difference across room envelope for that particular infiltration air flow rate in Pa) ‫ݐ‬ = calibration air temperature for FANS unit calibration (25.56°C) ‫ݐ‬ ௦௧ௗ = air temperature at air flow measuring location (sea level, 15°C) ‫ݐ‬ = indoor air temperature (sea level, 15°C)
Standard sea level infiltration rates (m 3 s -1 ) of each room were then normalized to air changes per hour (ACH) using the internal volume of the room, excluding the pit and attic volumes. Normalized standard infiltration rates and corresponding pressure difference values were then used for fitting power law equations on all infiltration tests. Gauss-Newton method was used for fitting power law equations and was executed using SAS statistical software package (SAS, Inc., Cary, NC The predicted standard infiltration rates (using fitted equation 2) at any static pressure difference can be converted from standard ACH to standard m 3 s -1 by using the internal volume (excluding pit and attic volumes) of the room. This standard infiltration rate (m 3 s -1 ) can be converted from standard sea level weather condition to any desired barn site weather condition using equation 3. In summary, all of the fitted power law equations reported in this study predict infiltration rates at standard sea level conditions and the predicted rates are designated as standard total/curtain/fan/other infiltration rates through the article.
These sea level standard infiltration rates need to be corrected to local barn site conditions and design weather conditions before using in engineering calculations. Also, the corrections (from sea level weather to desired room site weather) are typically smaller but might be necessary for enhanced infiltration prediction accuracy.
Where I = predicted infiltration rate for any specific room site, m 3 s -1 I ௦ = predicted standard (sea level) infiltration rate, m 3 s -1 P ௦௧ = atmospheric pressure at room site, Pa P = barometric pressure inside the room, Pa = (atmospheric pressure at room site location in Pa -desired static pressure difference across room envelope in Pa) ‫ݐ‬ ௦௧ௗ = standard air temperature at sea level = 15°C ‫ݐ‬ ௦௧ = outside/atmospheric air temperature at room site location, °C ‫ݐ‬ = temperature of the air pulled through the fan (for negative pressure systems, it will be the desired inside room air temperature), °C
ROOM GROUPS
In order to enhance the end use value of the infiltration data, the 17 swine finishing rooms were organized in various groups and standard power law equations were developed for each individual group. The room grouping was done on the basis of major construction characteristics. These characteristics (barn layout, age, ceiling material, curtain perimeter, and backdraft shutter area of fans) were selected such that they would reflect the overall infiltration status of rooms. To fit power law equations for groups of rooms, data on infiltration rates and corresponding pressure differences for rooms in the group were listed together and a power law equation was fitted for that particular group of rooms. Zhang and Barber (1995b) presented an analogy for the infiltration process in comparison to an electric circuit. It was suggested that the infiltration resistance could be used as a standard parameter to quantify the quality of building materials and construction and building performance during a commissioning process. In this analogy, infiltration was analogous to electric current in a circuit, infiltration resistance (restriction to air flow) was analogous to circuit resistance, and pressure drop across the building envelope was analogous to circuit voltage. An infiltration air flow rate, in mechanically ventilated rooms, is a function of infiltration area and pressure difference across the envelope. Using this analogy, a formula to calculate infiltration resistance was developed. Infiltration through the room envelope can be quantified using equation (4).
INFILTRATION RESISTANCE CALCULATION
At any constant pressure difference across the envelope, an increasing effective infiltration area implies less resistance to infiltration. Hence, ‫ܣ‬ can be rewritten as follows.
Combining equations (4) and (5) 
RESULTS AND DISCUSSION
Infiltration quantification tests were carried out during the summer months of 2014 and 2015. The data were used to fit power law equations for different room groups, which can be used to predict standard infiltration rates at any desired pressure difference (between 0 to 60 Pa) or to generate standard infiltration curves, similar to example curves shown in figure 5. 
TOTAL INFILTRATION (It) PREDICTION
Seventeen swine finishing rooms, tested for their infiltration potential, varied greatly in their characteristics and corresponding infiltration rates. Average values of selected room characteristics for different groups of test rooms (designated as A to K) are listed in table 3. The swine finishing rooms from barns having double wide, H-type, and double wide + H-type layouts were organized together and named 'Multi Room' (MR) as those layouts had more than one room in a barn. Also, rooms with plastic and polyethylene as their ceiling material were grouped as 'Non-metal Ceiling' (NM). Further, the data from the 17 tested rooms were approximately evenly divided by age, curtain perimeter, and back draft shutter area. This was done to capture the variability in the data and to increase the accuracy of standard total infiltration (It) prediction. Uncertainty bars in figures 6-9 indicate 95% confidence intervals. The uncertainties reported with infiltration rates (±values) represent the average upper and lower 95% confidence interval band. Envelope Area [f] (m 2 )
Internal Volume [g] (m 3 ) [b] Multi room barn. [c] Metal ceiling rooms. [d] Non-metal ceiling rooms. [e] Number of rooms in the specific group. [f] Includes walls and ceiling area. [g] Excludes attic and pit volume. [h] Curtain perimeter defined as the sum of top, sides, and bottom lengths for all curtains. [i] Backdraft shutter area of fans. [j] Standard deviation.
Using the inf iltration test data from room groups A to G, models were fit to predict standard total infiltration rates (It). These equations are listed in table 4 and are also compared in figure 6. Room groups E and F (i.e., 'Non-metal Ceiling' and 'Age ≤ 13 Years') included the same rooms (9, 11, 12, 14, 15, 16, 17 and 18) and room groups D and G (i.e., 'Metal Ceiling' and 'Age >13 Years') included the same rooms (1, 2, 3, 4, 5, 6, 7, 8, and 10) resulting in the same prediction equations for groups E/F and D/G. The standard It for swine finishing rooms (group A -all 17 rooms together) was 5.96 ±1.49 ACH at 20 Pa. This infiltration rate was much higher than the infiltration rate reported (1.4 ACH at 20 Pa) for five newly constructed finishing rooms intended for research purposes (Zhang and Barber, 1995a) . Also, swine finishing rooms, during minimum winter ventilation, are designed to deliver through the primary inlet system between approximately 2 and 10 ACH for pigs between 6 and 115 kg, respectively (MWPS, 1987) . The standard It reported in this study (5.96±1.49 ACH) would satisfy the cold weather ventilation inlet needs for pigs up to about 60 kg (20 Pa operating pressure). This standard It (5.96±1.49 ACH at 20 Pa) was comparable with the infiltration rate of dairy buildings reported as 3 to 12 ACH at 15 Pa (Masse et al., 1994b) . A study on commercial broiler houses in Kentucky (Lopes et al., 2010) reported total infiltration rates between 3.6 and 5.6 ACH at 25 Pa for fourteen Kentucky broiler houses. [a] Single barn. [b] Multi room barn. [c] Metal ceiling barns. [d] Non-metal ceiling barns. [e] Number of rooms in the specific group.
The standard It was maximum (6.09 ±2.02 ACH at 20 Pa) for groups containing metal ceiling rooms and rooms more than 13 years old. The predicted standard It was minimum for rooms from single layout barns (5.85 ±1.66 ACH at 20 Pa), rooms having a non-metal ceiling (5.85 ±2.15 ACH at 20 Pa), and rooms ≤ 13 years old (5.85 ±2.15 ACH at 20 Pa). The curtain perimeter was highest (each 212.1 ±57.5 m) for the non-metal ceiling rooms and those rooms ≤ 13 years old. For this group of rooms, the standard It infiltration rates were a minimum. Generally, the room with higher curtain perimeter will have more leakage paths and the higher infiltration rate. But this is not the case here. That means along with the curtain perimeter length, how they (curtains) are fitted/installed matters most. Best fitted curtains which have less leakage paths (i.e., gap between curtain edges and wall surfaces) would have less infiltration rate. For the rooms tested in this study, infiltration depended on many inter-related parameters. 
CURTAIN INFILTRATION (IC) PREDICTION
Curtain infiltration rate (Ic) is governed by many parameters such as number of curtains, end pocket length, curtain closure overlap, holes, and other infiltration areas in and around the curtains. Ic is governed not only by a curtain top overlap, but also by how tightly a curtain seals against a wall surface. Curtain perimeter was identified as an indicator parameter to describe Ic.
The data from the 17 tested rooms were approximately halved by curtain perimeter ≤ 150 m and > 150 m. The power law equations to predict standard Ic are presented in table 5. These infiltration rates are also compared at 10, 20 and 30 Pa (figure 7). Table 5 . Power law models for prediction of standard Ic (ACH) of a swine finishing room as a function of building envelope pressure difference (Pa).
Rooms are grouped by their curtain perimeter. Room Group Name Group NR [b] Model ( [a] Curtain perimeter. [b] Number of rooms in the specific group. 
Where ‫ܫ‬ = standard curtain infiltration rate, ACH. ∆p = pressure differential across the room, Pa.
FAN INFILTRATION (If) PREDICTION
Fan infiltration rate (If) depends on many parameters such as number of fans, fan diameter, physical condition of louvers, and installation practices. Room layout, number of animals, size of animals, and fan size and type govern the number of fans and manure pump outs. Fan backdraft shutter area (BSA) was identified as an indicator parameter to describe If. The data from the 17 tested rooms were approximately evenly divided between those with back draft shutter areas ≤ 7.65 m 2 and > 7.65 m 2 .
The power law equations to predict standard If are presented in table 6. These infiltration rates are also compared in figure 8 at 10, 20 and 30 Pa. Table 6 . Power law models for prediction of standard If (ACH) of a swine finishing room as a function of building envelope pressure difference (Pa).
Rooms are grouped by their backdraft shutter area of fans.
Room Group Name
Group NR [b] Model (If = c x ∆p n ) . [b] Number of rooms in the specific group. 
Where ‫ܫ‬ = standard fan infiltration rate, ACH. ∆p = pressure differential across the room, Pa.
OTHER INFILTRATION (IO) PREDICTION
The resulting other infiltration rate (Io) is the total infiltration excluding Ic and If components. Sources of Io include the ceiling, walls, and joints between walls, floor, and ceiling. It was difficult to measure room characteristics (i.e., cracks/holes in the ceiling and walls, leaks at joints between walls and ceiling, etc.) closely associated with Io infiltration sources, hence data was summarized using the It room groupings. The standard Io for all rooms tested (group A) was 2.90 ±1.42 ACH at 20 Pa. The
Io was a major component (about 49%) of It infiltration rate as compared to Ic (about 25% of It) and If (about 26% of It). The power law equations to predict standard Io are presented in table 7. These infiltration rates are also compared in figure 9. [a] Single barn. [b] Multi room barn. [c] Metal ceiling barns. [d] Non-metal ceiling barns. [e] Number of rooms in the specific group. The standard It resistance of finishing room groups was either almost constant (for many groups) or increased negligibly with increased pressure difference. Therefore, the increase in infiltration resistances of curtains and fans was compensated almost equally by the decrease in Io resistance. The standard It resistance of rooms remained almost constant and hence could be used as a standard parameter to quantify the quality of building materials, construction, and building performance during a commissioning process as suggested by Zhang and Barber (1995b) . rooms. This study indicated that the infiltration areas for curtains, fans, and other room components were flexible and changed with barn layout/construction style, age, construction material, and prominently with pressure difference. The data presented here could be used, in conjunction with follow-up studies, to develop standard design procedures for incorporating infiltration into ventilation system design.
